Abstract-A genetic algorithm to find the optimal location and sizing of shunt FACTS devices is used to optimize a multiobjective problem, which is formed by first swing stability margin and voltage stability margin. The first swing stability margin is determined by analyzing the output results of the conventional time domain simulation method, basically, machine angles and speeds. On the other hand, the voltage stability margin or loading margin is calculated using continuous power flow. The analysis is done for critical contingencies that cause problems both for voltage stability and first swing stability margin. In order to achieve the objective proposed, the location and sizing of shunt FACTS devices are optimized simultaneously. The method is tested on a 68 bus system.
INTRODUCTION
One of the main objectives of shunt FACTS devices consist of increasing the steady-state transmittable power and controlling the voltage profile by appropriate reactive shunt compensation. In addition, these devices can also improve the transient stability limit and damp power oscillations. However, these technical benefits can be enhanced even more by doing an optimal location and sizing of the shunt FACTS devices.
Many researchers have worked on the location and sizing of FACTS devices looking for a particular stability problem. Thus, in [1] and [2] proposes methods to determine the optimal location of SVC for voltage stability enhancement, the first one uses a sensitivity method over the system loading factor with respect to reactive power generation and the second one uses the L-index of load buses. By contrast, in [3] the first swing stability margin is improved by placing optimally a SVC using a location index based on the concept of transient energy function method.
In this paper, a genetic algorithm (GA) to find the optimal location and sizing of shunt FACTS devices is used to optimize (maximize) a multi-objective problem, which is formed by first swing stability margin and voltage stability margin. The first swing stability margin is determined by analyzing the output results of the conventional time domain simulation (TDS) method, basically, machine angles and speeds [4] . On the other hand, the voltage stability margin or loading margin is calculated using continuous power flow (CPF) [5] . The analysis is done for critical contingencies that cause problems both for voltage stability and first swing stability margin. In order to achieve the objective proposed, the location and sizing of shunt FACTS devices are optimized simultaneously.
II. MULTI-OBJECTIVE STABILITY FORMULATION
The optimal sizing and location of shunt FACTS devices are found in order to maximize the first swing stability margin and voltage stability margin or system loading, simultaneously. The loading margin and the transient stability margin are severely affected by faults on lines of the power system. So, critical contingencies in the system are analyzed.
A. Loading Margin Function
The loading margin, for a particular operating point, is the amount of additional load, both active and reactive power, in a specific pattern of load increase that would cause a voltage collapse [9] . Therefore, the loading margin of a power system is an important measure of its proximity to voltage collapse, and by increasing it; the voltage stability margin is also increased. Then, the system loading ( ) is calculated using CPF analysis. Thus, the first objective (f 1 ) can be expressed as:
B. First Swing Stability Margin Function
A system is stable in first-swing if the machine angles are bounded and thus the speeds change sign in the post-fault period. Thus, a system is considered to be stable if all the machine angles are lower than a threshold angle in the center of inertia (COI) reference frame [4] . Also, a first swing stable system can be considered as stable if the system has adequate damping in subsequent swings [3] . So the first swing stability margin of the j th machine (SM j ) can be considered as:
Where P dj (t pj ) is the decelerating power of the j th machine at time t pj when its speed changes sign or becomes zero, and max dj P refers to the maximum decelerating power of the machine found between the clearing time (t c ) and t pj [4] . Then, the first swing stability margin (SM) of the system is given by:
SM = min (SMj).
The SM value is between 0 and 1. If SM is close to 1, the system is too stable; otherwise, the system is near instability.
A system is considered to be unstable if the angle of at least one of the machines becomes unbounded. When the system is unstable, the first swing instability margin of the j th machine (IM j ) can be expressed as:
Where M j is the inertia constant of the j th machine and mj is the minimum post-fault speed of the j th machine [6] . Therefore, the first swing instability margin (IM) of the system is given by:
IM = min (IMj).
The IM value must be greater than 0. If IM is close to 0, the system is near to stability; otherwise, the system is too unstable. Thus, the second objective (f 2 ) is:
C. System Constrains
There are considered two kinds of constrains in a power system. The first one is the equality constraints that represent the typical load flow equations [6] and the second one is the inequality constraints that represent the reactive power limit of generators and the operating limits of the STATCOM or SVC [6] :
Critical contingencies are those that cause voltage instability or angular instability in the power system. In this case, a contingency is considered critical in voltage if the system loading under that contingency is 0. On the other hand, a contingency is considered critical in angle if the angle of at least one of the machines is higher than 180° or if the system has not adequate damping in subsequent swings.
E. Multi-objective Optimization Problem
Considering the objectives, constraints and the critical contingencies, the optimal sizing and location of the shunt FACTS devices can be formulated as a nonlinear constrained multi-objective optimization problem as follows:
Where, n cc are the critical contingencies analyzed that cause voltage instability or angular instability in the power system.
III. SOLUTION USING GENETIC ALGORITHMS
The objective of the GA implemented here is to find the optimal location and sizing of the shunt FACTS devices to maximize the fitness function (8) . The GA implemented is summarized in the flow chart shown in Fig. 1 . The individual configuration is based on shunt FACTS device and is encoded in two parameters: location and rated value. The objective function or fitness function is evaluated for each individual of the population, and is defined as follows:
A roulette wheel parent selection is employed as reproduction operator. The crossover operator is applied to generate children from two parents [7] , [8] . The mutation operator is applied to children generated in the crossover process. The mutation is introduced to change the location and size of shunt FACTS devices. The analysis for SVC and STATCOM devices is done separately and theirs results compared afterwards. The steps involved in implementation of the GA are as follow.
A. Individual Configuration
The individual configuration is based on shunt FACTS device and it is encoded in two parameters: location and rated value [7] . Suppose the FACTS devices number to be analyzed is four, as shown in Fig. 2 . Each location value is the number of the bus where the FACTS device is located. In this case, the generation nodes are not considered. More than one device cannot be placed in the same node. The second value represents the rated value of each shunt FACTS device in p.u. Both location and rated value are generated randomly.
B. Initial Population Configuration
The initial population configuration is generated by repetition of the individual configuration operation, n individuals [7] . Suppose the population is formed by four individuals, as shown in Fig. 3 . In order to obtain different solutions for each population, an individual must not be repeated. 
C. Reproduction Operator
For each individual of the generation, a probability to be selected for the next generation is calculated. Each probability depends on the fitness function value. Individuals with greater fitness function will have a higher chance to be selected or contribute one or more offspring into the next generation. Independent random events between 0 and 1 are generated to select the individuals. This process is called roulette wheel parent selection and may be viewed as a roulette wheel where each individual of the population is represented by a slice that is directly proportional to the individual's fitness [7] , [8] , as shown in Fig. 4 .
D. Crossover Operator
The individuals selected in the process mentioned above are called parents. The crossover operator is applied to generate children from two parents. A single point crossover is applied to generate children to the next generation [7] , [8] , as seen in the schematic shown in Fig. 5 . The crossover point is generated randomly between 1 and system bus number. The first child is formed with the first part of the parent1 and the second part of the parent2. The second child is formed with the first part of the parent2 and the second part of the parent1. The parts of parents depend on crossover point generated (Fig. 5 ).
E. Mutation Operator
The mutation operator is applied to children generated in the crossover process above. The mutation is introduced to change the location and size of shunt FACTS devices, which are selected for independent random events [7] . The mutation point is generated randomly between 1 and the system bus number, as shown in Fig. 6 . Single-bit point mutation is applied in this case, to generate the rest of the children for the next generation [7] . The GA implemented is summarized in the flow chart shown in Fig. 6 .
IV. TESTING RESULTS
The proposed method is evaluated on the 68 bus test system NETS-NYPP [10] (Fig. 7) . The shunt FACTS devices number (n facts ) to be allocated optimally in the power system depends on the amount of lines improved during the optimization process. So, n facts is defined for each individual of a generation, getting a random number between 1 and 8, i.e. the maximum amount that can be allocated on this power system is set to 8 for each individual. A line is considered improved if a contingency on it does not cause voltage instability or/and first swing instability. The individual's number of each generation (n individual ) is defined as four and the stop criterion is defined by the generation number reached. 
A. Critical Contingencies Analyzed
The critical contingencies to be analyzed and that affect the two objective functions are shown in Table I . Line 18 and line 22 make the unstable system in angle. The line 63 makes the unstable system in voltage and the rest of the line affect both functions. Table II shows the optimal location and sizing for each device. In the SVC case, four units in the whole system are necessary to improve most of the lines and to maximize the fitness function. By contrast, only 3 STATCOM devices are needed. Table III shows the objective functions and fitness function value for each shunt FACTS device obtained during the optimization process. Table IV shows the lines improved with the GA solution for both devices. Whit this solution, the angle stability for four contingencies is improved and the voltage stability is improved for two contingencies. The results show that not all the lines can be improved, e.g. under a fault on line 48, the system is stable in voltage, but unstable in the first swing. If a fault occurs on line 86, the system is stable in the first swing but unstable in voltage, i.e. the use of shunt FACTS devices in these cases is not suitable. Additionally, line 63 cannot be improved, i.e. for any configuration of shunt FACTS devices a fault in this line, still makes the unstable system. 
B. GA Solution

C. Impact of the Solution on the System
The solution obtained using the GA has been applied to the test system in order to check the final solution. Fig. 9 and Fig.  10 show the system loading factor when the SVCs and STATCOMs are installed on the system, respectively. The base case in the figures is the system loading factor when there aren't contingencies. The system loading factor for outage of line 48 and line 49 is greater than zero. Therefore, in these cases, voltage stability has been improved with the optimal location and sizing of the shunt FACTS devices. Fig. 11 shows the angles of the severely disturbed machines (SDMs) during different faults on the system, e.g. for a fault on line 22, the seventh machine behaves as the SDM. As it is shown, the system is unstable. Fig. 12 and Fig. 13 show the machine angles during faults on the critical contingencies with the SVC and STATCOM allocated and sized (Table II) 
V. CONCLUSIONS
This paper has proposed a method to find the optimal location and sizing of the shunt FACTS devices simultaneously using GA. The method optimizes a multiobjective problem which objective functions are: loading margin (voltages stability) and first swing stability margin. These objective functions are solved for critical contingencies in the system. The proposed method has been applied on a 68 bus test system.
